Replication protein A (RPA) is a single-stranded DNAbinding protein involved in all aspects of eukaryotic DNA metabolism. A soluble heterodimeric form of RPA is composed of 14 and 32 kDa subunits (RPA14/32). Dynamic light-scattering (DLS) analysis was used to improve the puri®cation, stabilization and crystallization of RPA14/32. Increasing the concentration of reducing agent in the last stage of puri®cation diminished the size of a secondary peak in the anion-exchange chromatograph and promoted a single species in solution. This resulted in decreased polydispersity in the puri®ed protein and enhanced the crystallization time from 9±12 months to 6 d. With this homogeneous preparation, the reversible association of RPA14/32 into a dimer of dimers was demonstrated by DLS. Four different crystal forms of RPA14/32 were obtained for structure determination and complete diffraction data were collected using synchrotron radiation for three of them. Data to 2.4 A Ê resolution was collected from hexagonal crystals (P3 2 or P3 1 ; a = b = 63.0, c = 272.6 A Ê ) and to 2.2 and 1.9 A Ê resolution from two orthorhombic crystal forms (both P2 1 2 1 2 1 ; form I, a = 61.4, b = 75.2, c = 131.6 A Ê ; form II, a = 81.8, b = 140.4, c = 173.1 A Ê ).
Introduction
Replication protein A (RPA) is a single-stranded DNAbinding protein that has been implicated in all aspects of eukaryotic DNA metabolism, including replication, transcription, recombination and repair (for reviews, see Wold, 1997; Iftode et al., 1999) . The three subunits of RPA are designated RPA14, RPA32 and RPA70 according to their apparent molecular weights. RPA70 contains the primary ssDNA-binding site and interacts with several proteins, including P53 He et al., 1993; Li & Botchan, 1993) and XPA (Lee & Kim, 1995; Li et al., 1995; Matsuda et al., 1995) . RPA32 is phosphorylated in a cell-cycle-dependent manner (Din et al., 1990; Fang & Newport, 1993) during apoptosis and in response to UV light (Carty et al., 1994) and ionizing radiation (Liu & Weaver, 1993; Boubnov & Weaver, 1995; Fried et al., 1996) . In vitro, RPA32 is phosphorylated by ATM kinase (Gately et al., 1998) , cdc2 kinase (Dutta & Stillman, 1992) and DNA-dependent protein kinase (Brush et al., 1994; Boubnov & Weaver, 1995) . RPA32 contains a weak ssDNA-binding site (Bochkareva et al., 1998) and its C-terminal domain interacts with several proteins, including RAD52 (Park et al., 1996) and XPA. RPA14 plays a structural role in heterotrimer assembly and stability (Henricksen et al., 1994) . RPA is known to exist in two soluble forms: the heterotrimer and the RPA14/32 heterodimer (Henricksen et al., 1994) . The RPA heterotrimer is extremely stable (Fairman & Stillman, 1988; Wold & Kelly, 1988; Brill & Stillman, 1991) and its roles in DNA metabolism are well known. Interestingly, the separation of the RPA14/32 dimer from RPA70 is promoted by hyperphosphorylation of RPA32 both in vitro (Treuner, Findeisen et al., 1999) and in cells undergoing apoptosis (Treuner, Okuyama et al., 1999) . These studies suggest a physiological role for the RPA14/32 dimer.
Owing to the multidimensional role RPA plays in DNA metabolism, it is of great interest to understand the structure in atomic detail. An NMR solution structure of the N-terminal RPA70 domain (Jacobs et al., 1999) and crystal structures at moderate resolution of proteolytic core fragments of RPA70 (Bochkarev et al., 1997) and RPA14/32 (Bochkarev et al., 1999) have been reported. Unfortunately, the intact full-length holoenzyme is very dif®cult to purify and structural data remain elusive. Here, we demonstrate the utility of using dynamic light-scattering (DLS) analysis in improving the puri®cation, stabilization and crystallization of full-length recombinant human RPA14/32 dimer. Complete diffraction data from orthorhombic and hexagonal crystals are reported.
Experimental

Expression and purification
RPA14 and RPA32 subunits were co-expressed from a single pET16 plasmid (Novagen). A 6ÂHis tag followed by a thrombin cleavage site was placed at the N-terminus of RPA14. BL21(DE3) cells (Novagen) were transformed and 8 l of Terri®c Broth containing 100 mg ml À1 ampicillin was inoculated with an 8 ml starter culture and rested at room temperature overnight in a laboratory fermentor (Virtis). The next morning the culture was grown (300 rev min À1 , 310 K, 15 l O 2 min À1 ) to an OD 600 of 4.0±5.0 (4.5±5 h), induced with 1 mM IPTG and grown for another 3.5±4 h. The cells were harvested by centrifugation (10 000 rev min À1 , 277 K, 10 min) and the cell pellet was resuspended in four volumes of lysis buffer (30 mM HEPES pH 7.8, 200 mM KCl) supplemented with 4±10 mM imidazole and 1 mM DTT.
For preparation A, the cells were lysed by sonication, centrifuged (15 000 rev min À1 , 277 K, 30 min) and the supernatant was passed through a 0.20 mm ®lter. The clari®ed lysate was loaded onto a 1.67 ml MC/M Ni 2+ af®nity column (PerSeptive Biosystems) equilibrated with lysis buffer with 4 mM imidazole. The column was washed with 15 column volumes (CV) of lysis buffer with 60 mM imidazole and the protein eluted with a 60±1000 mM, 20 CV imidazole gradient using the BioCAD Sprint. For preparations B±G, the cells were lysed by three passes through a French pressure cell (SLM-Aminco). The lysed cells were centrifuged and supernatant was passed through 5±10 ml of Cellular Debris Remover resin (Whatman) in a 60 ml syringe. The clari®ed lysate was loaded onto a 5 ml Ni-NTA Super¯ow column (Qiagen) equilibrated with lysis buffer with 10 mM imidazole. The column was washed with 10 CV of lysis buffer with 10 mM imidazole and the protein was eluted with a 10±500 mM 20 CV imidazole gradient using a Bio-Logic LP system (Bio-Rad). For preparations A±G, the pooled fractions were diluted ®ve times with 30 mM HEPES pH 7.8 and varying amounts of fresh DTT was added. The diluted protein was loaded onto a 1.67 ml POROS HQ/M strong anion-exchange column (PerSeptive Biosystems). The column was washed with 10 CV of 30 mM HEPES pH 7.8 containing DTT and 10 mM KCl. For preparation A, the protein was eluted with a 10±1000 mM KCl 10 CV gradient. For preparations B±G, a gradient from 10±700 mM KCl over 40 CV was used. All column fractions were analyzed by SDS±PAGE (Pharmacia LKB PhastSystem) and those HQ column fractions of suf®cient concentration were also analyzed by DLS. Pooled fractions were concentrated with a Centriprep YM-10 (Amicon). Protein concentration was determined using the Bradford Protein Assay (BioRAD) with BSA as the standard.
Dynamic light-scattering analysis
DLS was carried out using a DynaPro-801 molecular-sizing instrument equipped with a microsampler (Protein Solutions). A 50 ml sample was passed through a ®ltering assembly containing a 0.02 mm ®lter into a 12 ml chamber quartz cuvette. The data were analyzed using the Dynamics 4.0 and DynaLS software as described by Moradian-Oldak et al. (1998) . Interpretation of the statistical parameters generated by the Dynamics 4.0 software is summarized in Table 1 .
Crystallization
All crystallization was performed at 293 K using vapordiffusion methods with hanging or sitting drops. Drop volumes of 4 ml (by mixing equal volumes of protein and reservoir solutions) and reservoir volumes of 500 ml were used. Initial screening was performed with Hampton Research Crystal Screens 1 and 2 (Jancarik & Kim, 1991) .
Habel et al. RPA14/32 dimer 255 research papers Table 1 Interpretation and use of the statistical parameters calculated by Dynamics 4.0.
Parameter Interpretation² Baseline 0.977±1.002 Monomodal distribution 1.003±1.005
Bimodal distribution, use DynaLS >1.005
Bimodal/multimodal distribution, use DynaLS Sum of squares (SOS) 1.000±5.000 Low noise, negligible error 5.000±20.000
Background error owing to noise, low protein concentration or a small amount of polydispersity >20.000
High noise/error owing to high polydispersity in size distribution (aggregation), irregular solvent Polydispersity Note: this parameter should be used for monomodal distributions only
Monodisperse solution, very likely to crystallize C P /R H < 30%
A moderate amount of polydispersity, more likely to crystallize
A signi®cant amount of polydispersity, less likely to crystallize
Data collection
Single crystals were immersed in cryoprotectant (either the reservoir solution with 30% glycerol or paratone-N oil) for 3 s, mounted in a cryoloop and immediately placed in a 100 K nitrogen-gas stream. Diffraction data were collected on hexagonal ( Fig. 1a ) and orthorhombic crystal form II (Fig. 1d) at Stanford Synchrotron Radiation Laboratory beamline 7-1 with a MAR345 detector at a wavelength of 1.08 A Ê . Lowresolution (LR) and high-resolution (HR) passes were designed using MOSFLM/STRATEGY. For hexagonal crystals, 28 HR images were collected at a crystal-to-detector distance (XTD) of 300 mm, Á9 = 2 using the 345 mm plate (edge = 2.09 A Ê ), 30 LR images were collected at an XTD of 350 mm and 58 LR images were collected at an XTD of 300 mm using the 180 mm plate (edge = 3.72±4.3 A Ê ). For orthorhombic form II crystals, 365 HR images were collected at an XTD of 225 mm, Á9 = 0.25 (0.5 for 20 images) using the 300 mm plate (edge = 1.86 A Ê ) and 366 LR images were collected at an XTD of 240 mm, Á9 = 0.5 (1.0 for 48 images) using the 180 mm plate (edge = 3.03 A Ê ). Images were integrated with MOSFLM (Powell, 1999) and scaled using SCALA and the CCP4i graphical interface (Collaborative Computational Project, Number 4, 1994) . The HR data from the orthorhombic crystals were dif®cult to integrate because all the data were recorded as partial re¯ections. A pre-release of a new version of MOSFLM was provided by Dr Harry Powell to integrate these images using the POSTREF MULTI keyword. Diffraction data were collected from orthorhombic crystal form I (Fig. 1c) at beamline 17-ID in the facilities of the Industrial Macromolecular Crystallography Association Collaborative Access Team (IMCA-CAT) at the Advanced Photon Source (APS). 180 images were collected at a crystal-todetector distance of 120 mm with Á9 = 1 , ! = 1.2 A Ê and using the MARCCD detector. Data were processed using the HKL2000 program suite (Otwinowski & Minor, 1996) .
Results and discussion
RPA14/32 was overexpressed in Escherichia coli and up to 15 mg of pure protein was obtained from a liter of culture. Since monodispersity is thought to be predictive of crystallizability (Zulauf & D'Arcy, 1992;  Ferre-D'Amare & Burley, 1997), DLS was used to examine all preparations of RPA14/32. Initial Crystals of RPA14/32. (a) Hexagonal crystals grown from preparation A with a precipitating solution of 0.1 M bicine pH 9.0, 10% acetonitrile and 20% saturated ammonium sulfate. The largest crystal was 90 Â 150 mm. (b) Monoclinic crystals grown from preparation E with 10% dioxane, 0.1 M MES pH 6.5 and 37% saturated ammonium sulfate. The largest crystal was 44 Â 440 mm. (c) Orthorhombic crystal form I grown from preparation P1 with 0.1 M MES pH 6.3, 5% saturated ammonium sulfate and 26% PEG MME 5000 (242 Â 275 mm). (d) Orthorhombic crystal form II grown from preparation P1 with 10% dioxane, 0.1 M MES pH 6.5 and 39% saturated ammonium sulfate (132 Â 220 mm).
Table 2
Dynamic light-scattering data and resultant crystallization time.
Data with a monomodal distribution was analyzed using Dynamics 4.0 and multimodal data with DynaLS, with percentages of peak area given in parentheses. The concentration of DTT used in the HQ buffer system is given. Crystallization condition I was used for each preparation and monitored weekly.
Preparation
Concentration (mg ml À1 ) puri®cations were multimodal (baseline 1.047) and polydisperse (Table 2 , preparation A) and did not crystallize unless organics were added to the crystallization setup. After 9±12 months, hexagonal crystals grew from solutions that contained 20±30% saturated ammonium sulfate, 0.1 M HEPES, Tris or bicine pH 7±9 and 6±10% organic solvent (acetonitrile, 2propanol or methanol). Although of diffraction quality, these crystals were dif®cult to reproduce (Fig. 1a) . Preparation B was monomodal (baseline 1.001, Table 2 ) but was signi®cantly polydisperse (C P /R H = 33.1). Initial crystallization screens produced microcrystals within a month. Gridscreen optimization resulted in the following crystallization condition that produced monoclinic diffraction-quality crystals ( Fig. 1b) : 10% dioxane, 0.1 M MES pH 5.7±6.5 and 34±41% saturated ammonium sulfate (condition I). Prepara-tion B was signi®cantly less polydisperse and crystallized in less time than preparation A. The differences between these preparations, the lysis method and the type of nickel af®nity matrix used, do not account for the overall improvement in polydispersity. The elution pro®les from the HQ anionexchange column ( Figs. 2a and 2b) show that in preparation B, where a shallower salt gradient was used, two peaks were separated, whereas in preparation A the protein eluted as one peak. In both preparations, analysis by SDS±PAGE indicated that all the peaks contained only RPA14/32. The lack of separation of these peaks in preparation A probably contributed greatly to the polydispersity of the early RPA14/32 samples (see below).
The primary sequence of RPA14/32 contains four cysteine residues (two in each subunit) and the structure of the proteolytic core of RPA14/32 had free cysteines (Bochkarev et al., 1999) . These observations suggested the need for a reducing environment during protein puri®cation. The effect of varying the concentration of dithiothreitol (DTT) in the HQ buffer system was monitored by DLS and crystallization time. In preparations B±G, as the DTT concentration was increased, polydispersity (C P /R H ) and the time for crystal formation systematically decreased (Table 2) . A DTT effect was also seen in the elution pro®les. When fresh 1 mM DTT was added during the dilution of the protein sample and added to the HQ buffer system, the ®rst peak increased and the second peak decreased (Figs. 2b and 2c ). With 10 mM DTT, the second peak nearly disappears (data not shown). This suggests that the reduction of disul®de bond(s) is involved in converting the second peak into the ®rst peak.
As frequently happens in science, an interesting observation on RPA14/32 came from careful analysis of a fortuitous mistake. Early in this work, the ionic strength of the protein sample was not reduced by dilution before loading onto the HQ column. The standard HQ protocol was run and a fraction of the protein sample was found to bind to the column (fraction P, Table 2 ). The¯owthrough from this column was then diluted and reloaded onto the HQ column. The protein fraction P1 was eluted from the column. When analyzed by DLS (Table 3) , fractions P and P1 were monomodal (baseline 1.001) with moderate polydispersity (C P /R H 23%). However, when the two fractions were mixed together, the solution became multimodal (baseline 1.005) with 7% high-molecularweight aggregates. The molecular weight of fraction P (90 kDa) corresponded to that of a dimer of dimers, whereas fraction P1 was closer to that of a single dimer. Representative chromatograms of RPA14/32 elution at $300 mM KCl from the HQ anion-exchange column. (a) Preparation A, (b) preparation B, (c) preparation C. SDS±PAGE analysis showed that all peaks are composed of hRPA14/32 dimer (data not shown). For preparations B±G, the fractions corresponding to the peak indicated with an asterisk (*) were collected. Table 3 Dynamic light-scattering data for chromatography peaks P and P1. Crystallization conditions were screened and optimized for preparation P1. Large chunky crystals (Fig. 1c) were obtained from solutions containing 0±5% saturated ammonium sulfate, 0.1 M MES pH 5.9±6.5 and 16±36% PEG MME 5000 (condition II). These crystals were extremely sensitive and cracked easily when cryoprotected with glycerol. Diffraction data of reasonable quality was obtained using paratone-N oil as a cryoprotectant. Preparations B±G will not crystallize under condition II but preparation P1 will crystallize under condition I in an orthorhombic space group (Fig. 1d) .
The different oligomerization state of the protein fractions P and P1 may explain the multimodality and polydispersity of preparation A. Since crystals were obtained when 6±10% organic solvent was added to preparation A, it was postulated that acetonitrile would reduce the polydispersity of the P + P1 mixture. Acetonitrile was added to the P + P1 mixture to a ®nal concentration of 6%, incubated at 277 K for 3 h and monitored periodically by DLS (Table 4 ). Incubation with acetonitrile caused the amount of non-aggregated RPA14/32 to increase from 78 to 96% and the solution becomes monomodal. Interestingly, the molecular weight of the non-aggregated species continues to increase until it is roughly the size of a dimer of dimers.
It was noted that as the protein concentration increased, the molecular weight increased (Table 2 ) and at 13 mg ml À1 (preparation G) it was consistent with a dimer of dimers in solution. Therefore, this apparent self-association of the dimer was analyzed by dilution followed by DLS. Samples of preparation G (Table 5 , row 1) were diluted with an equal volume of the following buffers: 30 mM HEPES pH 7.8 buffer (row 2), 30 mM HEPES pH 7.8 and 200 mM KCl (row 3) or 30 mM HEPES pH 7.8, 200 mM KCl and 10 mM DTT (row 4). Dilution with buffer alone produced a smaller molecular weight species in addition to large aggregates. Dilution with buffer and salt also produced large-molecular-weight aggregates, but more of the protein sample remains as the single dimer as indicated by an increase in the peak area (from 78 to 87%) associated with the 61 kDa species. Addition of DTT produced a monomodal solution and completely disrupted the large-molecular-weight aggregates. Therefore, the large aggregates of RPA14/32 are probably a consequence of inappropriate disul®de-bond formation and the dimer of dimers appears to be a reversible association. The physiological roles of the RPA14/32 dimer of dimers and the solventaccessible cysteines on the surface of the molecule are unknown. The possibility of a RPA14/32 dimer of dimers was also suggested by Bochkarev et al. (1999) .
Three complete sets of cryocooled synchrotron diffraction data have been collected for structure determination (Table 6) . Space groups were assigned by autoindexing, comparing R merge values for space groups within the indicated Laue group and by observed systematic absences. The hexagonal crystals (Fig. 1a ) diffracted to 2.4 A Ê resolution, with space group P3 2 (or P3 1 ) and unit-cell parameters a = b = 63.0, c = 272.6 A Ê . The orthorhombic crystal form I (Fig. 1c ) diffracted to 2.2 A Ê resolution, with space group P2 1 2 1 2 1 and unit-cell parameters a = 61.4, b = 75.2, c = 131.7 A Ê . The orthorhombic crystal form II (Fig. 1d ) diffracted to 1.9 A Ê resolution with space group P2 1 2 1 2 1 and unit-cell parameters a = 81.8, b = 140.4, c = 173.1 A Ê . Interestingly, solvent-content analysis (Matthews, 1968) indicates several heterodimers in the asymmetric unit of the orthorhombic crystal form II and hexagonal unit cells. Solution of the phase problem using coordinates of a proteolytic fragment of RPA14/32 (containing intact RPA14 and 60% of RPA32; PDB code 1quq) is in progress.
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